N itrogen management is a crucial component for sustainable corn production in eastern Nebraska. Corn N recommendations are developed by state extension services for states or regions and are based on research. Most N recommendations are developed under average conditions without accounting for above-normal N losses. Therefore, substantial yield reductions may result when N is lost after application. Nitrogen loss through leaching, denitrification, or surface runoff is generally associated with excess rainfall or irrigation. Urea-N can be lost to the atmosphere when left on the soil surface through urease hydrolysis (Keller and Mengel, 1986) . Increased soil pH in the vicinity of urea granules is a result of hydrolysis, which facilitates the volatilization of ammonia to the atmosphere. Farmers tend to apply extra N to manage the suspected loss of previously applied urea-N at the soil surface due to excessive moisture after application (Ribaudo et al., 2012) . This extra N may result in N loss through deep percolation, which causes groundwater N contamination. Cambardella et al. (1999) indicated that NO 3 -N losses to subsurface drainage water were primarily a result of asynchronous production and uptake of NO 3 -N in the soil. Efficient N management, such as choosing an appropriate N rate, source, and placement method, could reduce NO 3 -N from reaching surface and groundwater and increase productivity.
Several slow-and controlled-release N fertilizers have been investigated for their potential to minimize N losses and improve the synchronization of N release and crop needs (Cahill et al., 2007 (Cahill et al., , 2010 Halvorson and Bartolo, 2014; Noellsch et al., 2009; Sistani et al., 2014; Wang and Alva, 1996) . Both slowand controlled-release fertilizers slow the availability of urea to the environment, which can reduce leaching or other losses under some environmental conditions. The release mechanism of slow-release fertilizers depends on the low solubility of complex molecular chemicals containing amino groups that take time to break down to ammonium by microbial actions. Urea-formaldehyde polymers are in this category. Controlled-release N fertilizers are coated or encapsulated urea that act as a physical barrier to inhibit the quick release of urea. Coating materials could be organic polymer coatings or inorganic materials such as elemental S or other mineral-based coatings (Shaviv, 2001) . The release mechanism of controlled-release N fertilizers is driven by a concentration gradient across the coating material as a result of water diffusion and capillary action. Nutrient release mechanism from slow-release N fertilizers depends on microbiological degradation, chemical hydrolysis, and water solubility. Important factors affecting degradation and hydrolysis are soil properties, soil temperature, and microbial activity. Unlike slow-release fertilizers, the nutrient release rate and pattern of controlled-release fertilizers are more predictable because they are mostly controlled by soil temperature, as long as there is a minimum moisture level. Generally, as temperature increases, the nutrient release rate increases. For instance, the release rate of polymer-coated urea has been shown to double with every 10°C increase (Kochba et al., 1990) .
Few states make specific recommendations for the use of slow-and controlled-release fertilizers or N placement methods (Ruark, 2012) . Research has documented advantages with the use of slow-or controlled-release fertilizers on decreasing N 2 O emission (McTaggart and Tsuruta, 2003) , on NO 3 leaching (Pack et al., 2006) , and on corn grain yield and N uptake (Noellsch et al., 2009 ). Moreover, polymer-coated urea (PCU) was found to increase corn yield and plant N uptake by 23 and 48%, respectively, compared with urea in the low-lying silt loam soils of Missouri (Noellsch et al., 2009 ). Halvorson and Bartolo (2014) reported a significant grain yield (0.77 Mg ha −1 ) and N uptake (8.9 kg ha −1 ) advantage for continuous corn by using PCU over urea in silty clay soil in Arkansas. Conversely, a urea formaldehyde polymer slow-release fertilizer was not a more efficient N source for corn production on sandy and mineral organic soils in North Carolina when compared with urea-ammonium nitrate (UAN) (Cahill et al., 2007) . Although Nelson et al. (2009) found reduced subsoil NO 3 -N leaching with PCU, grain or silage yield and N uptake of corn did not show a significant advantage for PCU over uncoated urea in silty loam soil in Missouri. Other researchers have also reported no or small corn yield and N uptake differences between enhanced-efficiency N and conventional N fertilizers (Cahill et al., 2010; Sistani et al., 2014; Venterea et al., 2011) .
Applying N in a band below the soil surface may improve N efficiency. Nitrogen application on the surface of the fields with high residue levels is subject to immobilization. Surfaceapplied N may cause significant loss to the atmosphere as NH 3 -N (Al- Kanani and MacKenzie, 1992) , but this loss can be minimized if N is banded or injected into the soil (Tomar and Soper, 1981) . Surface broadcast spray of UAN was reported to produce less grain yield and N uptake compared with surface or incorporated band placement in corn (Touchton and Hargrove, 1982) . Other researchers did not find any advantage of band vs. broadcast-placed fertilizer N on grain yield or N uptake (Fox et al., 1986; Raun et al., 1989) . Although band placement may conserve N, there might be spatial and temporal N shortages when N is band applied as UAN or a slow-release fertilizer because the N may be spatially separated from roots or may not be converted into NO 3 -N. For the slow-release fertilizer N to move in the soil, N needs to be in the NO 3 -N form; otherwise, the roots have to grow to the band before uptake will occur. In addition, when N is temporally or spatially unavailable, the plants may have lower chlorophyll content relative to plants fertilized with broadcast conventional fertilizers. These lower readings with sensors might trigger N applications that are not warranted because the N is not lost but just available later in the season. Nitrogen management on the farm level is the result of several factors in addition to agronomic ones. Risk management and economic considerations influence when and how much N is applied. In order for improved N management systems to be adopted by producers, they have to fit into existing nutrient management systems. To determine if enhanced-efficiency N fertilizers will be effective at the farm level, they need to be tested under the conditions that they will be used.
We hypothesized that the use of enhanced-efficiency N fertilizers broadcast or band applied on irrigated corn can improve the synchronization of N release and crop needs to increase corn yield and N uptake. Because both band placement and slow-release N fertilizers add to the total N cost, it is important to know the effect of band incorporation of slow-release fertilizers. Therefore, examining the effects of N rates, sources, and placement methods on corn yield and N uptake is critical for improving N management in irrigated corn production. The objectives of this research were to compare the effects of five N source/placement systems on midseason N indicators, irrigated corn yields, N uptake, and post-harvest soil NO 3 -N.
MATERIALS AND METHODS

Site Descriptions and Cultural Practices
Field experiments were established at Concord, NE, in 2008; at the Haskell Agricultural Laboratory (HAL) (Concord, NE) in 2009; and at Pierce, NE, in 2009 . Average monthly temperature, irrigation water, and cumulative precipitation dur-ing the summer seasons of 2008 and 2009 as well as long-term minimum and maximum temperature and cumulative precipitation are shown in Table 1 . Preseason soil samples were taken (five cores/sample per replicate) from the 0-to 0.2-m, 0.2-to 0.6-m, and 0.6-to 1.2-m soil depths before each study. Samples were analyzed for pH, K, P, organic matter, and NO 3 -N (Table  2) . General cultural practices for each site are given in Table 3 . Concord and Pierce sites were on farmer's fields, and there was some N provided by irrigation water + N applied at planting in the form of UAN. The fields were irrigated using a sprinkler irrigation system. Irrigation was scheduled beginning of the season based on soil water content to maintain >50% soil moisture on a weekly basis.
Experimental Design
At each site, the experimental design was a split-plot with four replicates, with N rates (N) as the whole plots and five N source/placement systems (S) as the subplots. The N rates were 56, 112, 168, and 224 kg N ha −1 applied on 8 May 2008 at Concord, 8 May 2009 at HAL, and 18 May 2009 at Pierce. The subplots were randomly assigned within the main plots and consisted of the five N systems. These systems included a factorial of two liquid N sources that were broadcast or band applied with a knife (AN401419, John Deere). The fifth system was a granular PCU that was only broadcast applied. In addition to the four N rate ´ five source/placement systems, there were two zero-N rate treatments in each replicate (control): one was a "broadcast" nothing plot, and the other had the knife applicator go through the plot empty.
The N sources were urea-NH 4 -NO 3 (UAN), PCU (ESN, Agrium), and a 7:3 mixture by weight of UAN and Nitamin-Nfusion (NF) (Georgia-Pacific, now owned by Koch Agronomic Services). Urea ammonium nitrate (UAN) (32% N) is a liquid composed of 35% urea, 45% NH 4 NO 3 , and 20% water. NitaminNfusion is a liquid N source with a 60-to 90-d release curve (22% N) with 94% of the N composed of slowly available urea polymers in the form of methylene urea and triazine and the remaining 6% as urea. The release mechanism, which is affected by soil temperature, moisture, and oxygen concentration, involves microbial breakdown of mono-, di-, and tri-substitute ureas and cyclic urea molecules. Smart N (ESN, 44% N) is marketed as a 90-d release PCU N, in which the temperature is the principle factor that drives the N release through the polymer coating once the granules become wet. Research on the effect of soil temperature on ESN N retention across time found that near complete release of N was achieved by 40 d when soil temperature was ³20°C (Golden et al., 2011) .
The N placement methods were broadcast and band, but band placement was not applicable for PCU and therefore was only used for the UAN and NF sources. A 3-m-wide drop spreader (Barber Engineering Co.) was used to broadcast the PCU. The Barber spreader uses a flighted auger to meter the fertilizer. Application rate is changed by varying the number of revolutions of the auger relative to ground speed with a gearing system that allows changing the output ratios over a wide range of application rates. Liquid N fertilizers were applied with an applicator that was plumbed to either put the material out through five knives or a boom with flat fan nozzles (2008: 8002VS and 2009: 8005VS;  TeeJet Technologies) at a height of 0.45 m that, with overlap, sprayed the width of the treatment. The liquid fertilizers were metered with an electric pump with a known output in volume per time. The knife applicator used orifices (2008: orifice 40, and 2009: orifice 57; TeeJet Technologies) to restrict flow. At each site, the applicator output was recalibrated, and rates were adjusted by varying the ground speed. The two outside knife rows were plumbed to deliver one half the rate per row. Knives were spaced in the middle of the row, and the fertilizer material was injected at 0.10 m below the soil surface.
Field and Plant Measurements
At each site, two SPAD readings were recorded at the V8 and R2 stages (Ritchie et al., 1993 ) using a Minolta SPAD-502 (Spectrum Technologies). Readings were taken using the method described by Shapiro et al. (2006) . Each SPAD value was an average of 30 readings per experimental unit taken approximately one third the length of the leaf from the base of the youngest fully expanded leaf at the V8 stage of development and the leaf opposite and below the ear for the R2 stage. End-of-season basal stalk sampling was conducted each year at physiological maturity (R6). Ten 0.2-m-long stalk samples were taken at the base of the plant starting 0.15 m above the ground. These samples were taken outside the harvest area from each plot, air dried, and analyzed for NO 3 -N (Blackmer and Mallarino, 1996) . For total dry matter production, six plants were randomly cut at ground level within 1 wk after the R6 stage. Ears were separated, air dried, weighed, and then shelled by hand. Leaves and stalks were weighed and chopped in a BC600XL Brush Chipper (Vermeer). A 0.5-kg subsample was dried at 60°C for at least 48 h in a forced-air drier to determine the moisture and subsampled again to determine N content (Bremner, 1996) . Nitrate-N in the stalks, stover-N concentration, and grain-N concentration was determined at Ward Laboratory (Kearney, NE). Nitrogen uptake was computed as the product of N concentration in the stover/grain and dry matter of stover/grain yields, respectively. Plant-N uptake was the sum of stover-N uptake and grain-N uptake.
Plants were hand harvested from 6-m lengths from the second and third rows to determine grain yield. Ears were separated, shelled, and weighed, and the moisture content was measured (Dickey-John GAC 2100) and yield was adjusted to 155 g kg −1 water content. Biomass yield was the sum of the dry matter of stover and grain yields. Harvest index (HI) and N harvest index (NHI) were determined by dividing grain yield by aboveground biomass yield and grain-N uptake by total plant-N uptake, respectively. Postharvest soil NO 3 -N concentration in 0-to 0.2-, 0.2-to 0.6-, and 0.6-to 1.2-m soil depths was measured in fall 2009 at HAL and Pierce. Two soil core samples (25 mm inner diameter) were taken from each plot after harvest with a Giddings hydraulic probe (Giddings Machine Co.). Care was taken to avoid knife tracks. Subsamples were composited by plot, air dried, and ground, and NO 3 -N was determined by flow injection analysis after extraction with 1 mol L −1 KCl using Lachat QuickChem method Cd-Cu reduction (Lachat Instruments).
Statistical Analysis
Analysis of variance was performed using SAS Version 9.3 (SAS Institute) for each site because there were significant site ´ treatment interactions in the combined analysis. The PROC GLIMMIX procedure was used to develop the ANOVA for split-plot design; N rate was treated as a quantitative variable and N systems as qualitative variables. At each site, N rate and N systems were considered as fixed effects, and replicate and replicate ´ N rate were considered as random effects. The controls with no experimentally applied fertilizer N were left out of the ANOVA presented in Tables 4, 5 , 7, and 8 so that the complete factorial (4 N rates ´ 5 N systems) could be analyzed. The control means were not included in the main effect of the N systems to determine significant differences among the five N systems. Treatment means were separated by Fisher's protected LSD at P £ 0.05. In addition, three individual df contrasts were used to compare treatment means within the five N systems. The orthogonal set of comparisons possible within the five N systems included broadcast PCU vs. all other N systems, NF vs. UAN, and band vs. broadcast. Because PCU is broadcast and the other four are both broadcast and banded, we decided that the band vs. broadcast comparison should be made with the same N sources. Therefore, the statistics in Tables 4, 5 , 7, and 8 for NF vs. UAN and band vs. broadcast are straightforward and do not include the PCU values or the zero-N controls. A control vs. others contrast was presented using the complete 22-treatment dataset to show the effect of applied N compared with no fertilizer N. There were no differences between the two controls, so their average was used. Regression equations were used to describe the variables' response to the significant interactions of N rates and N systems. Equations and graphs were produced with R version 2.1.0 (www.r-project.org) using the drc statistical addition package (Ritz and Strebig, 2010) .
RESULTS AND DISCUSSION
This study compared five N systems with varying susceptibility for in-season N losses. Broadcast UAN is expected to be most susceptible to N loss early in the season when losses are most likely. The NF and PCU systems may conserve N by delaying conversion of urea-N to nitrates until after the heavy rainfall period. Early-season precipitation (May) was more pronounced at Concord (141 mm in the first 21 d after N application) (Table  1) , suggesting a higher probability that surface-applied UAN would have moved into the profile before extensive volatilization. This site also had the highest cumulative precipitation during the growing season: precipitation was more than the 30-yr average, which can promote higher NO 3 -N leaching. In contrast to the Concord conditions, the very low precipitation at HAL in the few weeks after N application (13 mm) may have enhanced N loss through NH 3 volatilization.
The challenge when managing N under production field conditions is to develop a system that is yield and profit producing under a range of conditions that take into account compromises between practical field operations, climatic conditions, fertilizer characteristics, and soil processes. In this context, inclusion of enhanced-efficiency fertilizer products or band placement into the actual production system used by commercial producers makes having a true zero-N control difficult to implement. The range of N applied in these experiments, in addition to the controlled experimental N, was 18 to 80 kg ha −1 (Table 3) , which is at least 50 kg ha −1 below the normal rates supplied to production fields in this area.
Nitrogen Indicators
At all three sites, the SPAD readings were increased due to N fertilization when compared with the zero-N controls (Table 4) . Within the applied N treatments, there was an N rate response for the SPAD readings, with the exception of the V8 at Concord. The single degree of freedom comparison that compared PCU with the other N systems was significant for three of the six reading comparisons (two stages ´ three sites). At Concord, broadcast PCU and the band treatments were equivalent or greater than the other broadcast treatments at R2. At HAL and Pierce, significant differences were at the V8 stage, and PCU was lower than the other systems. At Concord, the significant rain in May (140 mm) may have caused some leaching, which could have reduced readings for the other broadcast treatments. At HAL and Pierce, the delay in N release from PCU could possibly explain its lower SPAD readings at V8. Because there was very little rain to cause losses at HAL and Pierce, the UAN treatments provided sufficient N. It was only at Concord that the NF treatments had greater SPAD readings than broadcast UAN. Where there was significant precipitation early in the season, the NF with 30% slow-release components conserved N compared with the 100% UAN.
The band vs. broadcast treatments were significant in three of the six SPAD readings (Table 4) . At each site, the band treatments had 1 to 3 (3%) greater SPAD reading than broadcast treatments at the R2 stage. In terms of using SPAD reading data for N scheduling, 3% has practical significance because decision algorithms use 95% sufficiency as the trigger point to apply more N (Attia et al., 2015) . In this context, lower SPAD readings with broadcast PCU may not indicate loss but just slower release. At the R2 stage, collecting SPAD data or its equivalent maybe more useful to understand the N status of the plant rather than using it as a basis for adding N at this stage because yields may not be increased (Varvel et al., 1997) . These results support the concern that normal interpretation of canopy reflectance data with slowrelease fertilizers might give a false deficiency signal if not calibrated appropriately.
End-of-season stalk NO 3 -N readings sometimes are more sensitive than yield by documenting N status in the plants at maturity, even when yield may not be different. The assumption is that if the yields are equivalent but there is more stalk N, then that treatment conserved more N. As with SPAD readings, the control treatments had less stalk NO 3 -N than the treatments with N, and at all sites there was a significant N rate response (Table 4) . Nitrogen systems significantly affected the stalk NO 3 -N at all sites. At Concord, corn fertilized with broadcast PCU had significantly greater stalk NO 3 -N than corn fertilized with broadcast UAN. The band treatments also had greater stalk NO 3 -N than broadcast treatments. At HAL, the significant N system's effect on stalk NO 3 -N was due to band NF having significantly greater stalk NO 3 -N compared with others. At Pierce, the NF treatments significantly increased stalk NO 3 -N compared with the UAN treatments, particularly when broadcast, which was possibly due to the wider row spacing and therefore the band was farther away from the corn row. Overall, the stalk NO 3 -N data indicated that more N was still available at the end of the season when N was applied as a slow-release fertilizer or band placed.
Yield Traits and Harvest Index
Grain yield response to N rate was minimal at Concord (P < 0.104) and Pierce (P < 0.203). Nitrogen increased grain yields above the controls at an average rate of 1.3 Mg ha −1 across all three sites, but only at HAL was the N rate significant, and yields were maximized at 112 kg ha −1 (Table 5) . If one uses a P < 0.10 threshold, then there were N system differences at each site. The interactions of N rate and N systems are shown in Fig. 1 .
At Concord, broadcast PCU and band NF had significantly greater grain yield than broadcast UAN (Table 5 ). The signifi- cant N rate ´ N system interaction (P < 0.055) showed that the greatest grain yield advantage of band NF and broadcast PCU over broadcast UAN occurred between 135 and 164 kg N ha −1 , which maximized grain yield at approximately 16.10 Mg ha −1 (Fig. 1a) . For other N systems, additional N (i.e., >80 kg N ha −1 ) was required to produce maximum grain yield, which was lower than that obtained by band NF or broadcast PCU. For example, grain yield was maximized at 15.71 Mg ha −1 at an N rate of 275 kg ha −1 for broadcast UAN.
At HAL, broadcast PCU produced significantly greater grain yield, averaging 15.55 Mg ha −1 compared with 13.63 Mg ha −1 for the other broadcast treatments and 13.51 Mg ha −1 for the band treatments (Table 5 ). The maximum grain yield of 15.99 Mg ha −1 was obtained at 162 kg N ha −1 for broadcast PCU, which was greater than for the other N systems (Fig. 1b) . Among other N systems, band NF required a lower N rate (131 kg ha −1 ) to maximize grain yield, whereas broadcast NF and both UAN placement methods needed 44 to 150 kg more N ha −1 to achieve similar yields.
At Pierce, significantly greater grain yield was obtained for NF treatments compared with UAN treatments (Table  5 ). The greatest grain yield of 16.2 Mg ha −1 was achieved at 158 kg N ha −1 for band NF but at 217 kg N ha −1 for broadcast NF (Fig. 1c) . The other systems maximized grain yields, which were 0.6 to 0.8 Mg ha −1 lower than band NF with a similar N rate (150-183 kg ha −1 ). The PCU grain yield was between the NF and UAN treatments.
Averaged across sites, the N rate that maximized the grain yield for broadcast PCU and band NF was 155 kg N ha −1 , with an average grain yield of 15.64 Mg ha −1 ; the N rate that maximized the yield for broadcast UAN was 200 kg N ha −1 , with an average grain yield of 15.05 Mg ha −1 . These results support our hypothesis that the use of enhanced-efficiency fertilizers applied as broadcast PCU or band NF produced greater maximum grain yield at lower N rates compared with broadcast UAN.
For biomass at Concord, band placement produced about 1 Mg ha −1 more biomass than broadcast N ( Table 5) . As with the SPAD readings and stalk NO 3 -N, broadcast PCU produced biomass yield that was similar to band placement. As for grain yield, all N rate ´ N systems produced greater biomass than the controls. The HI was not affected by N systems and rates but was greater in the untreated controls due to less stover relative to grain yield.
At HAL, broadcast PCU had significantly greater biomass and HI than the other N systems (Table 5 ). Biomass at HAL increased from 22.2 Mg ha −1 in the control to 23.8 Mg ha −1 for broadcast PCU at 56 kg N ha −1 and leveled off at the greater N rates, with an average of 25.8 Mg ha −1 (data not shown). The significant interaction of N rate ´ N system was caused by the lack of consistent increase as N rate increased. For band NF, the biomass was less at 224 kg N ha −1 than at 56 kg N ha −1 , whereas for the other N systems increasing N rate increased biomass yield.
At Pierce, neither N rate nor N system significantly affected biomass and HI. The significant N rate ´ N system for biomass at the 0.059 probability level was due to the different relationship of N response at 56 kg N ha −1 where band NF (27.4 Mg ha −1 ) produced significantly greater biomass than broadcast UAN (24.9 Mg ha −1 ), whereas at 168 kg N ha −1 the differences were not significant (25.8 for band NF vs. 26.2 Mg ha −1 for broadcast UAN).
An overview of the results indicates some advantage to the delayed release N sources. Compared with broadcast UAN, broadcast PCU produced 1.8 Mg ha −1 more grain yield at HAL and 0.4 Mg ha −1 more grain yield at Concord and Pierce. Band NF showed an increased yield of 0.6 Mg ha −1 at Concord and Pierce over broadcast UAN. Broadcast PCU and band NF at the low N rate had about 1.3 Mg ha −1 greater grain yield than band or broadcast UAN over sites (Fig. 1) . The increased grain yield in plots fertilized with PCU compared with broadcast UAN at HAL may be attributed to reduced volatilization losses due to the low precipitation amount after N application, although it was enough to wet the fertilizer granules and allow urea-N to diffuse out into the soil (Table 1 ). The inconsistent performance of the N systems was due to the variations of precipitation each season and the natural differences within the fields that are captured when the N rates are greater than the crop needs.
Band placement is also more likely to save N application in areas where there is a potential for N loss through volatilization or immobilization. The advantage of band placement on corn yields at these sites is consistent with other results (Howard and Tyler, 1989; Lamond et al., 1991; Stecker et al., 1993) . Stecker et al. (1993) reported greater corn grain yield from knife-injected N of 4 to 20% compared with dribble and of 5 to 40% compared with broadcast in 4 yr of an 8-site-yr study. In the current study, greater yield response at the low N rate by banding a mixture of UAN and NF compared with UAN at Concord may be attributed to reduced surface runoff and leaching losses due to high early-season precipitation after N application (Table 1) . Zvomuya et al. (2003) found that values of NO 3 -N leaching with polymercoated urea ranged from 7 to 62 kg ha −1 , which was 34 to 49% lower than urea.
Nitrogen Indicators and Grain Yield
Another way to compare these N source systems is to determine the N rate that maximized each variable. Table 6 presents for each site the indicator and the N rate that is maximized for each N source system using quadratic models. At Concord, SPAD readings at V8 for broadcast UAN (270 kg ha −1 ) and band NF (133 kg ha −1 ) reached a maximum value at N rates similar to those that maximized grain yield (275 and 135 kg ha −1 , respectively; i.e., <10 kg N ha −1 difference). Across N systems, SPAD reading at R2 produced a maximum value at an N rate similar to the rate that maximized grain yield. The correlation of SPAD readings at V8 and R2 with grain yield was highly significant across N systems (r > 0.42; P < 0.001). Stalk NO 3 -N was linearly increasing with no maximum; N rate was then predicted by the linear model to produce the sufficiency level of 2000 mg kg −1 (Blackmer and Mallarino, 1996) . Nitrogen rates that produced stalk NO 3 -N concentration of 2000 mg kg −1 were much lower than those that maximized grain yield, which is probably attributed to the starter N and irrigation water NO 3 -N at this site.
At HAL, SPAD readings at V8 or R2 were maximized at an N rate similar to that which maximized the grain yield for broadcast PCU (Table 6 ). Other N systems required a higher N rate (i.e., >40 kg N ha −1 ) to maximize SPAD readings than those needed to maximize grain yield. For stalk NO 3 -N, the N rates that predicted sufficiency level (2000 mg kg −1 ) were similar to those that have maximized grain yield for broadcast UAN and band NF. A similar N rate that was needed to achieve a 2000 mg stalk NO 3 -N kg −1 level maximized grain yield across N systems.
At Pierce, SPAD readings at V8 and R2 reached a maximum at N rates similar to those that maximized grain yield for broadcast PCU and band NF (Table 6 ). Across N systems, the N rates at which SPAD readings reached a maximum were similar to the N rate that maximized the yield. Using the 2000 mg stalk NO 3 -N kg −1 indicator did not predict the excess N rate because the N rates producing 2000 mg stalk NO 3 -N kg −1 were much lower than the rates that maximized grain yield.
The value of this research is its relevancy to N management with in-season N measures that are used to adjust N rates to save N or counteract N losses. The data also show that the in-season N indicators are more sensitive than yield, and this will need to be accounted for in any in-season precision N application algorithm produced.
Nitrogen Uptake and Nitrogen Harvest Index
As with the early-season indicators, N uptake in the grain and plant can be used to determine the value of the slow-release fertilizers. At Concord, broadcast PCU or band NF had greater grain-N uptake (an increase of 13 kg ha −1 ) and plant-N uptake (an increase of 28 kg ha −1 ) compared with broadcast UAN (Table 7) . The early-season rains of 141 mm during the 21 d after N application to this loamy sand may have increased N loss by leaching in UAN-treated plots compared with slowrelease fertilizer-treated plots, and therefore PCU or banded NF significantly improved N uptake variables. Endelman et al. (1974) stated that 25 mm of irrigation or rainfall can move soil NO 3 -N 0.15 to 0.20 m in loamy sand soils. This is similar to what Noellsch et al. (2009) found, where greater corn N uptake and N recovery efficiency were obtained with the application of PCU compared with urea in the low-lying position of a claypan soil.
Band vs. broadcast treatments had greater grain-N uptake (9 kg ha −1 increase) and plant-N uptake (20 kg ha −1 increase) at Concord ( Table 7) . The significant N rate ´ N system effect for grain-N uptake was due to band NF and broadcast PCU being essentially flat across the N rates, whereas the other three N systems showed a slight positive increase with N rate (data not shown). These results corroborate the findings of Mengel et al. (1982) and Stecker et al. (1993) , who reported 8 to 20 kg ha −1 increased grain-N uptake by knife N compared with broadcast or dribble placement. The favorable effect recorded for broadcast PCU and band placement on N uptake was similar to that observed for in-season N indicators. The NHI decreased from 0.68 at 56 kg ha −1 to 0.66 at 224 kg ha −1 because corn plants partition slightly more N in the stalks under excess N conditions. At HAL, broadcast PCU had greater grain-N uptake (20 kg ha −1 increase) and plant-N uptake (16 kg ha −1 increase) ‡ Plant N uptake is the sum of grain and stover N uptake. § Least significant difference at the 95% confidence level by PROC GLIMMIX-SAS; means of the five N source/placement systems followed by the same letter are not significantly different. Columns that do not contain letters indicate no significance difference between treatments.
¶ Mean broadcast is the average of broadcast NF and UAN.
compared with the other N systems (Table 7 ). The N rate ´ N system interaction was significant because the other N systems varied in relative ranking across the N rates, whereas broadcast PCU was the greatest at all N rates (except 112 kg ha −1 N, where UAN broadcast was the same). At 56 and 112 kg ha −1 N, band UAN had the lowest N uptake, whereas at 168 and 224 kg ha −1 N, band NF had the lowest N uptake (data not shown). Results did not show an advantage of band over broadcast for grain-N or plant-N uptake. This may be associated with less potential for N leaching as compared with the other sites. It is also possible that N supply to plants through the season derived from soil organic matter mineralization and irrigation water NO 3 -N has compensated for the advantage of band treatments over broadcast treatments. At Pierce, plant-N uptake was increased by N rate. As at the other sites, the N rate ´ N system interaction on grain-N uptake was caused by the different N systems having different rankings within an N rate and, occasionally, a decrease in N uptake at the greatest N rate. For example, band UAN compared with other N systems had the lowest grain-N uptake at the low N rate but had the greatest grain-N uptake at the high N rate. In addition, band had significantly greater grain-N uptake than broadcast. Nitrogen HI ranged from 0.67 at 56 kg ha −1 N to 0.64 at 224 kg ha −1 N, with the control (0.62) being lower than average of all the N rates (0.66). Across N rates, band UAN was found to have the greatest NHI. However, the significant N ´ S interaction indicated significantly greater NHI of 0.70 by NF broadcast at 112 kg N ha −1 .
Postharvest Soil Nitrate-Nitrogen
Conserving N during the vulnerable early season is important to providing adequate N during the peak growing period. With slow-release fertilizers, there is a chance for some of the N to become available late in the season and not to get into the plants. Leaving NO 3 -N in the field after crop growth ends should be minimized because it is vulnerable to loss during the winter. Analysis of variance showed no significant site ´ N rate or site ´ N system interactions for soil NO 3 -N, so data were pooled over sites (Table 8) . Nitrogen rate affected soil NO 3 -N among N rates in all soil depths. This was also true for N systems except for the upper soil layer (0-0.2 m). The high N rates of 168 and 224 kg ha −1 had the greatest NO 3 -N concentrations at all soil depths. The generally accepted normal NO 3 -N concentration at the end of the season in Nebraska is around 50 kg NO 3 -N ha −1 to a depth of 1 m on medium-textured soils and half that on sandy soils (Shapiro et al., 2008) . Although the high N rate gave slightly greater values than the accepted normal concentration, they were not excessively high (i.e., <70 kg NO 3 -N ha −1 ). At the two greatest N rates, there was N accumulation in the 0-to 1.2-m depth profile. However, it is unknown if more N might have moved below the measured depths.
Band treatments increased soil NO 3 -N concentration in the 0-to 1.2-m depth profile compared with broadcast NF or UAN, with broadcast PCU being intermediate (Table 8) . There was a significant N rate ´ N system interaction for NO 3 -N concentration at all soil depths except at 0 to 0.2 m. Band treatments had lower soil NO 3 -N concentrations at 56 kg N ha −1 compared with other N systems for the whole soil profile. As N rate increased, much greater concentrations were found for both band treatments as compared with broadcast NF or UAN (steeper slopes; Fig. 2 ). In addition, band vs. broadcast treatments at the highest N rate had 89 kg NO 3 -N ha −1 vs. 47 kg NO 3 -N ha −1 , which is indicative of N conservation by band placement. These results suggest that band placement and broadcast PCU can achieve high corn yield with lower N rates without leaving high NO 3 -N concentrations in the soil at the end of the season. Nonetheless, at the high N rates, band placement or broadcast PCU, to a lesser extent, might leave more NO 3 -N in the soil, which would be susceptible to leaching. Therefore, the whole season and even the following winter should be considered when analyzing the value of controlled-release N and placement method when excessive amounts are applied. 
CONCLUSIONS
The effects of slow-release fertilizers relative to UAN solutions and band vs. broadcast placement of these materials were compared throughout the season using several N indicators. Although the data are variable across locations, different soils, different background N, and weather after N application, this range of situations is typical of commercial corn production in the western Corn Belt. We have found that the slow-release fertilizers did conserve N, especially under high precipitation (i.e., >100 mm) soon after N application, and that band placement tends to conserve N as well. Band placement, however, may not be a full substitute for the slow-release fertilizers. Broadcast PCU and band NF showed significant advantage against broadcast UAN, as shown by in-season N indicators and greater grain yield and N uptake, which was more pronounced at the low N rate. This greater yield might be attributed to reduced NO 3 -N leaching and NH 3 volatilization or surface runoff losses. Soil NO 3 -N concentration was relatively high in 0-to 1.2-m depth profile at the high N rate when N was broadcast applied as PCU or band placed. Nevertheless, soil NO 3 -N was typical for these soils at approximately 20 kg NO 3 -N ha −1 at the low N rate regardless of N system. These results suggest that N management for corn when there is potential for N losses by leaching or volatilization can be improved through banding a blend of UAN and NF or broadcasting PCU and by using an appropriate N rate (?150 kg N ha −1 ).
